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SUMMARY

The objective of this work is to improve the viscoelastic prop-
erties of local AC-20 asphalt. Ecuador has a nano clay deposit
arranged in 6 levels from AI-A6, in an area of 4000 km?. Those
nano clays were treated with chemical and physical methods, us-
ing @) NaOH, b) NH;, H,O, (molar ratio 5), and c) calcination
to obtain an effective additive to be mixed with the bitumen. 532
samples were prepared, and their viscoelastic properties were
measured with the dynamic shear rheometer (DSR) in the first
stage. In the second stage, the best hot mix asphalt (HMA) sam-
ples were selected, and the parameters of mixing time, mixing

speed, calcination temperature, and additive concentration were
optimized. It was discovered that nano clay Al calcined in the
270-275°C window activated its high level of adsorption, becom-
ing the best additive (S1) for HMA hot asphalt mixtures. The use
of 3% S1 + AC-20 and mixing times (MT) of 30, 60, 90 and 120
minutes allowed the complex modulus (G*) to increase up to
305.5%, while the phase angle 6 decreased by -8.37% (MT= 90
min). The performance grade improved from PG= 64 (original)
to 70, 76, and 82. These results agree with the significant ad-
sorption capacity that this material presents.

Introduction

The present research is based
on modifying the asphalt binder
with local nano clay to protect
it against rutting and cracking
at high and medium tempera-
tures. Ecuador has the raw ma-
terial for this research, that is,
it has nano clays that were used
as a modifying additive from
the Santo Tadeo geological for-
mation in the central area of
the province of Santo Domingo
de Colorados de Sachilas in
Ecuador (Kaufhold et al.,
2009), and the local AC-20

asphalt of the Esmeraldas State
Refinery. The research focused
on two points: a) process, syn-
thesize and determine the best
local nano clay additive for
HMA, among all samples taken
in the field, b) optimize the best
integration conditions of this
selected additive to the asphalt,
in order to obtain fundamental
improvements of the viscoelas-
tic properties of hot mix as-
phalt, HMA. For this purpose,
they were chemically or physi-
cally treated, dehydrated, organ-
ic material removed, ground,
and integrated into the asphalt,

during the preparation of multi-
ple HMA samples and evaluat-
ed with the DSR. In this next
section, a transfer of the best
additive that generated rheolog-
ically superior samples was car-
ried out; In addition, the study
of the improvement of the PG
was undertaken by varying the
preparation parameters of the
mixtures, with respect to: a)
mixing time (MT); b) calcina-
tion time of the nano clay addi-
tive (CT); c) stirring speed,
RPM and d) percentage of the
additive, %S by weight, with
respect to the mass of bitumen.

As a result of this analysis, a
type of nano clay Al was de-
tected and by preparing the
respective additive and inte-
grating it into the asphalt, a
modified mixture with a high
degree of performance (PG)
was achieved. Knowing that
asphalt pavement failures occur
in the three components of its
conventional system: oxidation
and environmental effects,
quality of the mixture and sub-
grade structure; these modified
asphalts studied here could be
a solution for roads in medium
and high temperature climates.
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MEJORA DE LAS PROPIEDADES VISCOELASTICAS DEL ASFALTO AC-20 MEDIANTE LA APLICACION DE UNA

NANOARCILLA LOCAL EN MEZCLAS DE HMA

Ignacio Bladimir Cerén-Guerra, Guillermo Loria-Salazar, Maria Jos¢ Ceron, Mariela Macias, Raul Rodriguez y Giovanni Saenz-Arce

RESUMEN

El objetivo de este trabajo es mejorar las propiedades vis-
coelasticas del asfalto local AC-20. Ecuador cuenta con un
deposito de nanoarcilla dispuesto en 6 niveles de AI-A6, en
un darea de 4000km?. Estas nanoarcillas fueron tratadas con
métodos quimicos y fisicos, utilizando a) NaOH, b) NH;, H,O,
(relacion molar 5), y c) calcinacion para obtener un aditivo
eficaz para mezclar con el bitumen. Se prepararon 532 mues-
tras, cuyas propiedades viscoeldsticas se midieron con el reo-
metro de corte dinamico (DSR por sus siglas en inglés) en la
primera etapa. En la segunda etapa, se seleccionaron las me-
Jores muestras de mezcla asfaltica en caliente (HMA por sus
siglas en inglés) y se optimizaron los parametros de tiempo

de mezcla, velocidad de mezcla, temperatura de calcinacion
y concentracion de aditivo. Se descubrio que la nanoarcilla
Al calcinada en un rango de temperatura de 270-275°C, ac-
tivaba su alto nivel de adsorcion, convirtiéndose en el mejor
aditivo (S1) para las mezclas asfalticas en caliente HMA. El
uso de un 3% de SI + AC-20 y tiempos de mezcla (MT) de
30, 60, 90 y 120 minutos; permitio aumentar el modulo com-
plejo (G*) hasta un 305,5%, mientras que el angulo de fase
disminuyo un -8,37% (MT= 90 min). El grado de rendimiento
mejoro de PG= 64 (original) a 70, 76 y 82. Estos resultados
concuerdan con la importante capacidad de adsorcion que
presenta este material.

MELHORIA DAS PROPRIEDADES VISCOELASTICAS DO ASFALTO AC-20 COM A APLICACAO DE NANOARGILA

LOCAL EM MISTURAS DE HMA

Ignacio Bladimir Cerén-Guerra, Guillermo Loria-Salazar, Maria José¢ Cerén, Mariela Macias, Ratl Rodriguez e Giovanni Saenz-Arce

RESUMO

O objetivo ¢ melhorar as propriedades viscoelasticas do as-
falto AC-20 local. O Equador tem um deposito de nanoargila
disposto em seis niveis, de Al a A6, em uma drea de 4.000km’.
Essas nanoargilas foram tratadas com métodos quimicos e fi-
sicos, usando a) NaOH, b) NH;, H,O, (razdo molar 5) e c¢) cal-
cinagdo. Para obter um aditivo eficaz para ser misturado ao
betume. Foram preparadas 532 amostras, e suas propriedades
viscoelasticas foram medidas com o reometro de cisalhamento
dindmico (DSR) no primeiro estagio. Na segunda etapa, as me-
lhores amostras de asfalto misturado a quente (HMA) foram se-
lecionadas, e os parametros de tempo de mistura, velocidade de

mistura, temperatura de calcinagdo e concentra¢do de aditivo
foram otimizados. Descobriu-se que a nanoargila Al calcina-
da na janela de 270 a 275°C ativou seu alto nivel de adsor-
¢do, tornando-se o melhor aditivo (S1) para misturas de asfalto
quente HMA. O uso de 3% de SI + AC-20 e tempos de mistura
(MT) de 30, 60, 90 e 120 minutos permitiu que o modulo com-
plexo (G*) aumentasse em até 305,5%, enquanto o dngulo de
fase o diminuiu em -8,37% (MT= 90 min). O grau de desem-
penho melhorou de PG= 64 (original) para 70, 76 e 82. Esses
resultados estdo de acordo com a capacidade de adsor¢do sig-
nificativa que esse material apresenta.

There are some successful
studies in the world, with the
modification of bitumen with
nano clay additives. These
problems were addressed in
earlier times, so in the 1950s,
asphalt cement was initially
used in the United States by
heating bitumen and mixing it
with aggregate to form Hot

Mix Asphalt, or HMA
(Roberts et al., 1991a). In 1987,
the  Strategic  Highway

Research Program (SHRP) was
launched to develop tests for
asphalt binders and HMA mix-
tures. In 2003, the Federal
Highway Administration
(FHWA) defined functional
and structural failures of
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pavement. These three faults
produce functional and struc-
tural problems on the highways
(Miller et al., 2003). In 2004,
with the DSR, the resistance to
rutting at high temperatures
was determined in samples of
different asphalt binders until
finding those with high perfor-
mance based on previously
prepared nano clay (Airey et
al., 2004). In 2012, tests were
carried out on asphalt mixtures
with montmorillonite nano
clays as a mineral additive to
improve resistance to rutting
and fatigue cracking using un-
modified nano clays (NMN).
At the same time, samples
modified with polymers (PMN)

were prepared and added in
concentrations of 2% and 4%
by weight to the asphalt binder
(Yao et al., 2012). Another
study in 2013 found that binder
modification with nano clays
led to increased viscosity and
performance at high tempera-
tures due to the high rigidity
of the asphalt binder (Onochie,
Yang, and Mills-Beale, n.d.). In
2018, previous research focused
on improving the asphalt bind-
er with styrene butadiene sty-
rene (SBS), elvaloy, ethyl vinyl
acetate (EVA), and ethylene
styrene interpolymer (ESI), but
Cloisite 20 nano clay was also
used to improve the rheological
properties of the asphalt binder

(Hu et al., 2019). In 2022, the
nano clay-Al,O; compound was
studied for the intermediate
and high-temperature proper-
ties of pure and modified as-
phalt binders and their effect
on hot asphalt mixes (Mamuye
et al., 2022).

Materials and Methods
Characterization materials

The materials are a) AC-20
asphalt from the Esmeraldas
State Refinery, and its charac-
terization was carried out in
the refining laboratory of the
State Refinery (Laboratorio de
Control de Calidad de La
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Refineria Esmeraldas: Calidad
en sus Productos — EP
Petroecuador, whose results are
shown in Table 1. b) The nano-
clay was obtained directly
from the clay deposits of the
geological horizons Al, A2,
A3, A4, AS and A6, of the San
Tadeo formation in the prov-
ince of Colorados de Tsachilas
in Ecuador (0°14'14.13" 'S; 79°
14'27.05"E) (Figure 1). The
microscopic and nanometric
characterization of the nano
clays were carried out in the
Extractive Mineralogy Labora-
tory and Faculty of Chemistry,
National Polytechnic School
(Escuela Politécnica Nacional |
Departamento de Metaltrgia
Extractiva (DEMEX)) the re-
sults of which are shown in
Table I. The data obtained
show the characteristics of
nanometric material: a) nano-
metric particles, matter with a
size between 50 and 250 nano-
meters; b) a specific surface
area of 280m?/gr; and c) a high
adsorption property. The chem-
ical composition corresponds to
aluminum and silicon oxides
structured in tetrahedrons and
octahedrons, generating lami-
nar structures of the material
(Kaufhold et al., 2009). Each
nano clay was name with A,
and its respective additive (S)
product name with S, therefore:
Al (S1), A2 (S2), A3 (S3), A4
(S4), A5 (S5), and A6 (S6).

Preparation of different
additives

In this first stage, three
methods were developed to ob-
tain nano clay additives to enter
the asphalt mix, as follows:

Method 1: Compound additive,
75 molar (75M) solutions were
prepared with diesel 2 + nano
clay (previously treated with
H,0, and dehydrated at 105°C).
It was homogenized for 30 mi-
nutes, and 30 minutes later it
was subjected to sonication at
40,000Hz  (waterproof  kit,
SkyMen JP-020S  Cleaning).
The syrups were added to the
HMA in mixture 1.

Method 2: Additive prepared
based on nano clay that is
treated with NaOH or NH;
(5M), with the purpose of

TABLE I
PARAMETERS OF THE PROPERTIES AC-20 AND NANO CLAY A
AC-20 Asphalt Nano Clay
Vitreous Calcination
temperature (°C) 70 temperature (°C) 20 = 1000
Liquid phase Baking temperature
temperature (°C) 160 Gradient (°C/min) 0.095
3 Chemical
Volume (cm?) 350.7 concentration (M) 0/5
Type PG 6422 | Chemical type HaOH, NH,, H,0;.
Characteristics (accredited laboratory hi Mortar/EQ
No. OAE LE-C13 002) Crushing type AC-CZ-4500rpm
Absolute viscosity ASTM 200 Calcination mass 40
(60°C) Pa-s D2171-NTE (2)
Kinematic viscosity ASTM 369 Chemical Si0,-ALO; (Si, Al,
(135°C) (mm/s) D2170-NTE composition Fe, Mg)
Penetrati 25°C 100G 5 ASTM .
enetra 10n( d(mm) ) D5-NTE 75 Density (gr/cm?) 2.65
SN ASTM Quartz, montmorillo-
Flashpoint (*C) D92-NTE 288 DRX nite and actinolite
Solubility in ASTM 999 IFTR group: OH, O-Si-O,
trichlorethylene (%) D2042-NTE ’ 0-Al-O, MO
Viscosity (60°C) ASTM Laser
(Pas) D2171-NTE 672 granulometry (nm) 50-250
Ductivility (25°C) ASTM 67 SEM globular, concentra-
Scm/min DI113-NTE tions px
API gravity ASTM
(15.6°C) D1298-NTE 7.8 TGA (%) loss of mass, 20-40
Relative density ASTM Endothermic and
(15.6/15.6°C) DI29g-NTE 10202 DT exo-thermic
Specific gravity elimination of organic
(25/25°C) ASTM D70 1.0113 |DTA matter / OH
Softening point (°C) ASTM D36 49 Chemical analysis  Si, Al, Fe
Mass change ASTM 2026 BET, samples 207.83/280.38 and
(%) D2872 ’ (m%/gr) 223.62/221.85
Penetration index ASTM D5 0.5 SPECMIN/TSG ~ 2llophane. vermiculite,
entonite
PG: Performance Grade.
activating this material. The solutions and rinsing, which of wastewater, maintained a

process carried out in solgel

generated significant volumes

A6 .

Figure 1. Palette of samples of the nano clay formations (A1-A6).
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maximum pH of 6 to 9 (eva-
luated with ATC Ec/pH equip-
ment). The dehydration pro-
cess times at 105°C reached
80 hours, which makes the
method more expensive for in-
dustrialization projects
(Alshameri et al., 2018)
(Hakamy et al., 2015).

Method 3: Additive obtained
from the physical process of
controlled calcination; a prior
dehydration ~ process  was
applied to the nano clay at
105°C, and then it was entered
into the muffle to be calcined
at an average temperature of
275°C. The nano clay at this
temperature was able to elimi-
nate organic matter and main-
tain its tetrahedral and octahe-
dral structures, as well as its
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specific surface area and im-
portant level of adsorption
(Hakamy et al., 2015), (Alujas
et al., 2015).

Muffle furnace

The SAFTHERM STMS8-12
muffle is the equipment used
to calcinate the nano clays and
has the following characteris-
tics: the maximum temperature
reaches 1650°C, with
Molybdenum disilicon resistors
(MoSi,-SuperKanthal) and an
A-304 stainless steel furnace
casing; the temperature sensors
are type S and B thermocou-
ples with cooling in the electri-
cal part by fan. The equipment
is assisted with automated con-
trol with P0415 digital control
and temperature ramp pro-
grammer with processor with
solid data memory. The electri-
cal supply is 220V and has a
capacity of 1. The samples to
be calcined (20°C-350°C—
1000°C) must be previously
dehydrated, characterized,
weighed, and placed in a sam-
ple holder according to the
sample entry protocol and the
temperature ramp plan to be
submitted (“Muffle Furnace,
Laboratory Muffle Furnace -
Henan Sante Furnace Technical
Co, Ltd,”.

Mixer homogenizing equipment

The integration of the nano
clay S with the AC-20 binder
was carried out using the
AESS00SH homogenizer equip-
ment (high speed up to
14000RPM), assisted by a con-
trol panel, a stainless-steel
mixing head, high cutting, and
shearing. The temperature of
the mixing container was kept
constant at 160°C (to avoid
thermal degradation of the AC-
20), whose temperature was
monitored by B thermocouples
of the Osaka QB-32 processor
+ 220 V thermal sleeve.
According to a protocol, the
asphalt must be previously
heated to 60°C. The tempera-
ture at which the asphalt flows
and 400g of betumen were
measured on a BOECO-
Germany-Instruments high pre-
cision balance system (0.001g
sensitivity), and the additive
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was also weighed in percent-
age by weight, according to
the test plan. The binder is
carried at a speed of 4500RPM
with the mixing temperature,
and the respective additive is
entered in a constant manner
together with the vortex
formed in the container. Then
continue with the homogeniza-
tion for the corresponding
time, where at least 2 hours
will be taken. Samples were
taken to the asphalt rheology
laboratory in preserved form
(“AE500S-H Homogenizer
High Shear Mixer Emulsifying
Machine Digital Display
(90G/60L): Amazon.Com:
Tools & Home Improvement.).

Dynamic shear rheometers
(DSR)

Perform the critical rheolog-
ical characterization analysis
required for the Super Pave PG
(performance grade), classifica-
tion of asphalt binders. The
DSR test uses a thin asphalt
binder sample sandwiched be-
tween two circular plates. The
lower plate is fixed while the
upper plate oscillates back and
forth across the sample to cre-
ate a shearing action.

The 81-PV6202 DSR model
performs Super Pave
Performance Grading accord-
ing to AASHTO T315 and
ASTM D7175, Viscosity
Determination of Asphalt
Binder according to AASHTO

T316 and ASTM D4402, and
Multi-Stress Creep Recovery
(MSCR) according to
AASHTO T350 and ASTM
D7405.

The fundamental services are:

- PG determination test

- Determination of deformation
properties of bitumen with the
Multiple Stress Creep
Recovery Test (MSCR).

- Determination of the com-
plex shear modulus G* and
phase angle o of road bitumen
at different temperatures.

- DSR tests are conducted on
unaged, RTFO-aged, and PAV-
aged asphalt binder samples.
The binder behavior under va-
rious temperature and loading
conditions is analyzed to pre-
dict its performance under an-
ticipated climatic - With auto-
matic gap setting. 110-220V,
50-60Hz, 1pH.

The tests were carried out
with HMA mixtures whose
shear dynamic modulus is be-
tween 100Pa and 10MPa at a
temperature of 70°C and an
angular frequency of 10rad/sec-
ond, using a sinusoidal wave-
form. The test specimens were
Imm thick by 25mm in diame-
ter and were tested between
parallel metal plates. During the
test, one of the parallel plates
oscillates with respect to the
other at a preselected frequency
and rotational strain amplitudes
(strain-controlled) or shear am-
plitudes (stress-controlled). The

TABLE II
DSR, TECHNICAL SPECS

required amplitude depends on
the value of the complex shear
modulus of the tested asphalt.
The required amplitudes have
been selected to ensure that the
measurements are within the
region of linear behavior. The
asphalt specimen is maintained
at the test temperature within
+0.1°C by heating and cooling
the upper and lower plates.
The test specification is for a
test frequency of 10rad/second.
The G* and the § are automat-
ically calculated as part of the
rheometer operation using
computer software supplied by
the equipment manufacturer
(Bohlin). The complex shear
modulus is an indicator of the
stiffness or resistance of the
asphalt binder to deformation
under load. (Table II).

The data obtained were G*
and 6, provided by the rheom-
eter. These parameters allow us
to estimate the rutting factor,
RF= G* sin 6, and the PG,
showing the viscoelastic prop-
erties of the modified asphalt
binder, HMA.

Definition of the reference
level of PG measurement

The assumed methodology
was the measurement of the PG
of all the HMA samples, ob-
tained with the 3 types of addi-
tives previously prepared, and a
trend of positive results was
outlined. A reference level was
established for the measurement

Rheometer 8§1-PV6202

Torque Range (mNm)
Torque resolution (mNm)
Speed Range rpm

Speed Resolution rpm
Viscosity Range,

RN general (mPa-s)
Viscosity Range,

plate P3 (mPa-s)
Viscosity Range,

plate P4 (mPa-s)
Complex Shear
Modulus, plate P3 (kPa)
Complex Shear
Modulus, plate P4 (kPa)
Phase Angle Range
Frequency (Hz) 0,001 to 100

0.1 to 150 Normal force range (N) -30 to 30
0.001 Normal force resolution(N) 0.01
0 to 2000 Automatic gap setting Yes
0.015 Gap resolution (pm) 1
1tolx 10" Temperature control unit
2
% i %88 to Maximum temperature (°C) 180
3
> X IOIOto Minimum temperature (°C) -15
1 x10
0.1 to 2 x 10* Temperature accuracy (K) <0.1
20 to 4 x 10° Range 5°C to 90°C
0 to 90° Interface USB 2.0
Plats (mm) 25
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of viscoelastic properties with
the DSR in order to select the
additive with the greatest im-
pact on the HMA, with the
highest performance. It was
defined that the fixed reference
level of the RF value was des-
ignated as the Performance
Reference Level (PRL), which
is equal to or greater than
1.0Kpa, maintaining the test
temperature in the DSR at
70°C. (PG= 70); Therefore, all
HMAs will be compared with
this reference and may achieve
lower or higher PG (the values
are of our interest).

Nomenclature of the HMA

To organize the results of
the HMA with the 3 different
additives previously pre-primed
with the homogenizer and eval-
uate their new rheological
properties, a nomenclature was
adopted that carries sufficient
information on the conditions
of mixing time, sonication,
calcination, percentage of addi-
tive, type of additive, and
number of repetitions of the
experiment under similar con-
ditions. Next, we expose it to:

B3S6-90 30 NI _RI
(Example of the name of one
HMA mixture)

Where the formulation means:

1: (B) Indicates the type of
additive treatment that was
used in the mixture:

- A: natural nanoclay with
H,0, and dehydrated

- B: nanoclay synthesized
with NaOH.

- C: nanoaclay synthesized
with NH;.
2: (3) Indicates the percentage
by weight of S in the mixture.

The mass ratios of S (weight
percentage with respect to asphalt)
were measured with the BOECO
Germany brand BPS 40+
3: (S6) Indicates the type of
additive (S6 in this case) and
physical state of the solute used:

- S: additive in solid.

- J: additive in syrup.
4: (90) Indicates mix time
with the homogenizer (HMA),
which has each sample, MT.
5: (30) Indicates the ultrasound
time imposed on the HMA, ST.
6: (N1) Indicates the dehydra-
tion / calcination temperature
of additive:

- N1: S calcinate between 20
and 365°C, CT.

- N2: S calcinate between
365 and 1000°C, CT.

- N3: S at 10 Molar
Chemical Concentration.

7: (R1) Indicates the replica
number (repetition) of the
sample HMA; the first sample
will not appear; it will only be
used from the first replica: R1,
R2, successively.

Selection of the additive by
HMA performance results

The name of each HMA sam-
ple was established under the
nomenclature indicated above,
in which the parameters of mix-
ing speed (4500RPM) and tem-
perature (160°C) were kept con-
stant. The prepared mixtures are
divided into 3 groups: a) Mix 1,
additive (J, S1,2,3..6)+ AC-20
and sonicated for 30min; b) Mix
2, additive (S+ chemicals;
S1,2,3..6) + AC-20; and c¢) Mix
3, additive (S calcination,
S1,2,3..6) + AC-20 asphalt. The
universe of samples evaluated
totaled 532 (Figure 2). The RF
value of each sample was com-
pared with the PRL reference
value established as the refer-
ence level of PG 70, and those
with a higher value were count-
ed as positive. Finally, in this
phase, the best additive Si (one
or more additives) could be de-
termined, which generated more
samples with high RF and PG.
(Iskender, 2016).

3000

HMA optimization with
additive of choice S

With the selected additive Si
(i=1,2,3..6) the optimization of
the HMA mixtures was carried
out, for which control of RF
results was carried out, of mul-
tiple samples, each time vary-
ing the following variables in
an orderly manner: a) %S; b)
CT, c¢) RPM; and d) MT; This
process was structured in the
process flowchart, explained in
Figure 3. 162 new HMAs were
obtained, which were repeated
and evaluated considering the
various mixing configurations.
Groups I, 11, IIT and TV were
organized and labeled, which
contain classes of modified
asphalt mixtures from A to N.
The final objective was to de-
termine the HMA samples
with high RF value, and deter-
mine the operating conditions
and parameters followed by
mixing. The complex modulus
G* and the phase angle were
evaluated with the DSR, in an
iterative manner of repeated
mixtures, until the best values
of the rheological variables
were achieved, with high PG
(Firouzinia and Shafabakhsh,
2018; Jahromi, 2009).

Results
Evaluation of G* and o
The 6 nano clays were pro-

cessed by chemical and ther-
mal methods (treated with

TOTAL SAMPLES

NHj;, NaOH, H,0, and calcina-
tion), then 3 groups of addi-
tives were prepared: a) J
(chemically treated nano clay +
diesel), b) S (chemically treated
nano clay) and c) S, (calcined
nano clay). These additives
were homogenized with AC-20
asphalt in HMA, according to
the methodology explained
above, then their new visco-
elastic properties were mea-
sured with the DSR at 10Hz
and 70°C (reference PRL= RF=
1Kpa, PG= 70). The following
results were obtained: a) Mix
1. 100% of the HMA mixtures
that contained additive J did
not exceed the PRL; b) Mix 2.
24.6% of the HMA mixtures
with the additive S + chemi-
cals if they exceeded the PRL;
¢) Mix 3. 84.8% of HMA mix-
tures prepared with calcined S
additive exceeded the PRL ref-
erence level, in addition 3.2%
of these mixtures reached new
values at PG 76 and 82 (Figure
4 and Table III).

Selection of additives and final
mixtures HMA

In the previous section, it
was possible to segment the
best HMA mixtures, which
included additives from type
Al and A2 nano clays, such as
controlled calcination and
more favorable preparation and
mixing methods; However, the
additive from the Al nano clay
improved the rheological prop-
erties in more than 90% of

MIX 3

HMA IMPROVEMENT (S1)

T
oes
I
]

2500

1000

PRL

0 100

200 300
SAMPLES

Figure 2. Universe of the evolution of HMA improvement, RF(Pa).
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Additive (S) selection method and final mixes PG

Synthesis of nano clay
chemicals or calcination
methods

NO: Analysis and change
of nano clay and/or
chemical dosage and/or <
calcination method

YES: Sensitivity tests
change the parameters: %
S, RPM, MT and CT

DSR at 70, 76 and 82 °C:
referential measurement of
complex module G * and

phase angle &

T

[ Asphalt AC-20 (PG=64)

HMA> Mixed with high
cut and shear head at 160

.|: Additive S ]

7y

Comparison:
RF> = 1.0 Kpa

_— Comparacién: ~— Final Mixes with PGs of
— RF >= 1.0 Kpa /> ’[ 70, 76, and 82.
-
\Y//

NO: Parameter change: %
S, RPM, MT and CT

Figure 3. Scheme to optimize mixtures of additive and binder.

°C, under parameters: %S,
‘ RPM, MT,ultrasound, and

!

PRL: DSR at 70 °C, 10 Hz
Referential measurement

of complex module G * and
phase angle &

L

RF: G*/sen & ]

STATISTICAL VALUES PG MEASURED WITH DSR

5 .

MIX 1

W PG 64

MIX 2

mPG70

m PG 76-82

MIX 3

Figure 4. Mixture success percentages (HMA) and PG were evaluated with DSR.

TABLE III
PG EVALUATION OF HMA SAMPLES
PG Mix 1 Mix 2 Mix 3 Total
64 177 153 23
70 50 124
76-82 5
177 203 152 532

PG: Performance Grade.

cases. Another element that
was detected was the sensitiv-
ity process of rheological re-
sults depending on the varia-
tion of mixing parameters,
such as time, speed, percent-
age of additive and its prepara-
tion. Thus, in this work we
also worked to form a map of
results by varying these faces
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in order to achieve modified
asphalts with the highest pos-
sible PG Next, Table IV and
Figure 5.

RF and PG improvement by
optimizing mixing parameters

It was proposed to optimize
the HMA mixtures and obtain

the best PG, for which the ad-
ditive S1 (nano clay Al cal-
cined at 275°C) was selected
with which sets of samples la-
beled from A to N and
grouped in 4 groups I, II, III
and IV according to the mix-
ing surfaces, which varied in
the experimentation Table V.
The obtaines results below:

Group |

In the evaluation of the sam-
ples of classes A, B, and C of
HMA, the variation of the pa-
rameters G* and & was ob-
served when progressively en-
tering the additive S1 in the
percentages 2%, 3%, 5%, 8%,
10%, and 11% (Figure 6). The
parameters RPM= 4500, CT=
275°C, and M= 160°C were
kept constant. 3 mixtures with
S1 of 3%, 8%, and 11% were
the most representative, with
the following results:
1) Class A (MT= 30 min), the
HMA samples with 3%, 8%,
and 11% S1 presented a subs-
tantial increase in G* and de-
creases in 9, highlighting the
mixture with 11%, G*= 1459.9
Pa, and 6= 81.2°; however,
with a smaller amount of addi-
tive S1= 3%, G*= 1135.5 Pa
and 6= 81.2° were obtained,
and a more elastic asphalt bin-
der was obtained than the ori-
ginal AC-20, G*= 605.5 Pa
and 6= 84.8°, and with an im-
provement in the RF. The pa-
rameters of the HMA samples
of the aggregates S1= 3% and
11% were compared, with a
percentage increase in G*=
22.2% the mixture with more
additive S1.
2) Class B (MT= 60 min), the
HMA samples with S1= 3%,
8%, and 11% maintained subs-
tantial increases in G* and de-
creases in O, standing out the
mixtures with 3% and 11%,
G*= 1570.7 Pa and & = 79.3°
and G*= 1863.6 Pa and o=
79.4°, respectively. However,
the samples obtained with an
additive less than Sl= 3%
have a binder as rigid and
more elastic as that of Sl=
11%, but with a G* percentage
greater than 15.72% and o=
0.126%.
3) Class C (MT= 90 min), the
HMA samples with S1= 3%
and 11% further increased the
values of G* and decreased 9,
in G*= 1849.0 Pa and o=
77.7° and G*= 2240.5 Pa and
6= 77.9°, respectively; the
sample S1= 11% exceeded the
parameter G* by 17.46% com-
pared to that of S1= 3%, at 6=
0.256%.

In general, it is established
that the HMA sample of Sl=
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CONTINUOUS IMPROVEMENT OF HMA

TABLE 1V

HMA OPTIMIZED PG WITH S1 ADDITIVE

#Muestra Code G*(Pa) A(°) RF (Pa) TC(°C)
1 A3S130N1R20 473 80 480 275
2 A3S130NIR18 523 81 530 282
3 A2S130N1R17 531 82 536 282
4 ORIGINAL 1 605 85 607
5 ORIGINAL 1 642 85 645
6 ORIGINAL 3 605 85 608
7 A2S160N1R17 667 82 673 282
8 A3S160N1R18 676 81 684 282
9 A1S10N1R21 737 81 747 320
10 A1SIONIR21* 737 80 747 300
11 A3S190NIR18 769 84 773 282
12 A2S190N1R17 776 79 790 282
13 ASST90N1R8 802 84 806 200
14 A2S130N1R28 889 84 894 300
15 A2S130N1R31 896 84 902 375
16 A2S160N1R30 901 83 907 350
17 A2S130N1R39 909 84 914 235
18 A2S160N1R28 929 84 935 300
19 A3S130N1R22 933 84 940 275
20 A2S130N1R29 938 84 944 325
21 A2S160N1R31 944 84 950 375
22 A2S160N1R39 944 83 951 235
23 A2S160N1R33 950 83 957 375
24 A2S130N1R40 951 83 958 220
25 A2S160N1R29 960 83 967 325
26 AS5S190N1R49 963 82 974 275
27 A3S130N1R33 981 84 987 275
28 AS5S130N1R10 994 83 1001 300
29 A2S130N1R42 1012 83 1020 250
30 A2S130N1R26 1028 82 1038 250
31 AS5S130N1R3 1028 83 1037 136
32 A2S130N1R27 1033 83 1040 275
33 A3S130N1R34 1057 83 1066 325
34 A8S190N1R52 1062 82 1073 275
35 A8S190N1R52 1062 82 1073 275
36 A3S160N1R34 1077 83 1086 325
37 A3S130N1R21 1080 83 1089 275
38 A3S130N1R25 1090 82 1101 320
39 ASS190N1R3 1090 83 1098 136
40 AS5S130NIR11 1091 83 1100 325
41 A2S160N1R27 1092 82 1102 275
42 AS5S130N1R9 1092 83 1101 250
43 AS5S130N1R12 1095 83 1104 300
44 A2S160N1R40 1097 82 1107 220
45 A2S130N1R63 1100 82 1110 275
46 A2S130N1R63 1100 82 1110 275
47 A3S130N1R41 1105 82 1115 275
48 A3S130ZNI1RO 1114 82 1125 270
49 A3S110ZN1RO 1114 82 1124 240
50 ATIS1120N1R54 1121 81 1137 275
51 A11S1120N1R54 1122 80 1137 275
52 A3S130N1R58 1134 81 1147 275
53 A2S130N1R48 1135 82 1146 275

INERCIENDIA  APRIL 2024 « VOL. 49 N° 4

3% generates very favorable
values of G* and 6, which im-
plies that a weight of 27.27%,
compared to 100% by weight
of S= 11 % generated an im-
provement in the binder, mak-
ing it more rigid and elastic.

The viscoelastic change effi-
ciency, VCE, defines the posi-
tive percentage of the increase
in the magnitude of G* and
decrease in & when the vari-
ables are time MT and S%. In
this study, the viscoelastic im-
provement of HMA is very
promising with S1= 3%, and at
a lower cost.

Group II

The evaluation of § and G*
of the samples of the classes
D, E, and F is carried out with
an increase in the calcination
temperature of the nano clay,
CT, at 200, 250, 275, 300, and
325°C (5 different additives S1)
and a MT of 30, 60, and
90min. The parameters of Sl=
3%, RPM= 4500, and mixing
temperature= 160°C, were kept
constant, with the following
results:

1) In the samples of class D
(MT= 30 min), corresponding
to calcination temperatures of
200, 250, 275, 300, and
325°C. The three most repre-
sentative samples reached G*
values of 1192.9, 1174.3, and
1179.4 Pa, with an average
decrease of & of 81°. All the
samples exceed PRL= 1Kpa,
which represents PG 70 ac-
cording to the scheme of
Figure 7.

2) In the samples of class E
(MT= 60 min). In particular,
the sample prepared with the
additive at the calcination tem-
perature of 275°C reached a
G* value of 1570.7Pa, and the
d decreased on average to
79.3°. All other samples are
below these values in G* and
above the indicated 0, as
shown in Table V. The diffe-
rence between these parame-
ters and the sample from the
same group is very noticeable.
3) In the samples of class F
(MT= 90min), in the same
way as the previous case, the
most representative sample co-
rresponds to the calcination
temperature of 275°C and
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CONTINUOUS IMPROVEMENT OF HMA

TABLE 1V (Cont.)

HMA OPTIMIZED PG WITH S1 ADDITIVE

#Muestra Code G*(Pa) A(°) RF (Pa) TC(°C)
54 A2S130N1R38 1136 82 1147 250
55 A2S130N1R38 1136 82 1147 240
56 A3S160N1R22 1138 81 1151 275
57 A3S130NIR15 1144 80 1160 225
58 A3S130N1R15 1144 82 1154 270
59 A3S130N1R24 1150 83 1158 300
60 ASS130N1R7 1169 81 1183 150
61 A3S130N1R50 1174 82 1185 250
62 A3S130N1R32 1174 82 1185 300
63 A3S130NIR14 1176 82 1188 200
64 A3S130NIR14 1176 82 1187 210
65 A3S130N1RS51 1179 82 1190 325
66 ASS130N1R13 1189 82 1199 275
67 A3S130N1R23 1190 81 1206 280
68 A3S130N1R16 1193 83 1203 250
69 A3S130N1R57 1211 81 1226 275
70 A3S130N1R57 1212 81 1227 275
71 A3S630N1R100 1215 81 1230 270
72 A3S160N1R24 1220 81 1236 300
73 A3S630N1R103 1222 81 1236 180
74 AS5S130N1R49 1227 82 1239 275
75 A10S130N1R53 1230 82 1243 275
76 A10S130N1R67 1230 82 1244 275
77 A10S130N1R53 1230 82 1243 275
78 A2S160N1R38 1233 82 1245 250
79 A3S130N1R13 1253 82 1265 275
80 A3S160N1R21 1280 83 1291 275
81 A3S160N1R32 1287 81 1302 300
82 A3S160N1R41 1323 81 1339 275
83 A3S160N1R23 1340 82 1353 280
84 A3S190N1R22 1354 82 1367 275
85 A3S160N1R14 1360 81 1376 200
86 A3S160N1R14 1360 81 1376 240
87 A2S160N1R42 1372 81 1389 250
88 A3S160NIR15 1375 82 1387 225
89 A3S160NIR15* 1375 81 1391 250
90 AS5S190XNI1RO 1375 83 1386 250
91 AS5S190XN1RO 1375 81 1393 260
92 A3S160N1R25 1380 81 1398 320
93 ASST160N1R7 1384 81 1400 150
94 A3S160N1R50 1394 81 1411 250
95 A3S160N1R51 1395 81 1412 325
96 A2S160N1R63 1412 80 1432 275
97 A2S160N1R63 1412 80 1432 275
98 A2S160N1R26 1419 81 1439 250
99 A2S160N1R48 1430 81 1449 270
100 A2S160N1R48 1430 81 1449 275
101 A2S160N1R48 1430 81 1449 275
102 ASS160N1R11 1438 81 1458 325
103 A3S190N1R24 1450 81 1469 300
104 ATIS130N1R54 1460 81 1477 275
105 AT11S130N1R54 1460 81 1477 275
106 AT1S130N1R54 1460 81 1477 275
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reached the highest value of
G* of 1849 Pa, with an avera-
ge decrease of & of 77.7°. All
other samples are below these
values in indicated G* and
above in &. It is concluded
that the parameters CT=
275°C and S1= 3% generate a
more optimized HMA with op-
timal viscoelastic properties.

Group 111

The parameters G* and &
are evaluated, which vary with
the RPM advance up to 10,000
RPM and MT= 30 and 60 min
for the G and H mixtures, re-
spectively. S1= 3%, CT= 275
°C, and mixing temperature =
160 °C were kept constant
(Figure 8), with the following
results:

1) In the samples of Class G
(MT= 30 min), when increa-
sing the speed in the head of
the emulsifier with magnitudes
between 2,800 and
10,000RPM, it was established
that up to 4,500RPM (the mi-
xing temperature of 160°C is
maintained) there is laminar
flow, G*= 1034.4 Pa, and & =
82.2°. From 4500 to
6000RPM, an increase in the
temperature of the mixture was
found because of high speed,
and it went from 160°C to
178°C. At 6000RPM, an
exothermic process of the
HMA mixture was generated,
and the increase in molecular
energy increased as well as the
entry of air through the vortex
produced in the binder with
the corresponding oxidation. A
high-temperature cracking
aging of the mixture was de-
termined when the temperature
of the mixture reached 227°C
at 10000RPM.

2) In the samples of Class H
(MT= 60 min), when increa-
sing the speed from 2800 to
10000RPM, as in the previous
case, it was established that up
to 4500RPM, the mixing tem-
perature was maintained at a
constant 160°C, verifying a la-
minar flow with values of G*=
1369.1Pa and &= 80.4°. From
4500RPM to 6000RPM, an in-
crease in the temperature of
the mixture was found due to
the speed from 160°C to
182°C. At 6000RPM, an

APRIL 2024 » VOL. 49 N° 4 JIVERCIENCIA



CONTINUOUS IMPROVEMENT OF HMA

TABLE 1V (Cont.)

HMA OPTIMIZED PG WITH S1 ADDITIVE

#Muestra Code G*(Pa) A(°) RF (Pa) TC(°C)
107 A8S130N1R52 1463 81 1481 275
108 A8SI130N1R52 1463 81 1481 275
109 A8S130N1R52 1463 81 1483 275
110 A8S130N1RS52 1463 81 1481 275
111 A3S190N1R21 1467 81 1484 275
112 A3S160N1R12 1472 80 1494 300
113 A3S160N1R12 1510 79 1538 300
114 A3S160N1R12 1510 81 1527 300
115 A3S190N1R23 1520 82 1534 280
116 A11S1120N1R54 1524 80 1550 275
117 A11S1120N1R54 1524 80 1550 275
118 A3S160N1R16 1536 81 1555 250
119 A3S160N1R16 1536 81 1556 250
120 A3S160N1R11 1557 81 1576 275
121 A3S160NIR11 1557 82 1570 325
122 A3S190N1R51 1574 80 1599 325
123 A3S160N1R13 1582 80 1604 275
124 A3S160N1R13 1582 82 1599 275
125 A10S160N1R53 1591 80 1614 275
126 A10S160N1R53 1591 80 1614 275
127 A3S160N1R57 1592 79 1621 275
128 A3S160N1R57 1593 79 1622 275
129 A5S160N1R49 1596 81 1618 275
130 A5S1560N1R65 1598 81 1620 275
131 A3S160N1R13 1610 82 1626 275
132 A3S160N1R13 1610 81 1631 275
133 A3S190N1R50 1647 80 1672 250
134 A3S190N1R66 1648 80 1674 250
135 A2S190N1R63 1725 79 1755 275
136 A2S190N1R63 1725 79 1755 275
137 A3S160N1RS58 1725 79 1760 275
138 A3S160N1R59 1725 79 1760 275
139 A2S190N1R48 1755 80 1785 275
140 A2S190N1R48 1755 79 1786 275
141 A8S160N1R52 1820 80 1849 275
142 A8S160N1RS52 1820 80 1849 275
143 AS5S190N1R49 1860 79 1893 275
144 AS5S190N1R49 1860 79 1893 275
145 A3S160N1R101 1861 79 1899 255
146 A11S160N1R54 1864 79 1896 275
147 A11S160N1R68 1864 79 1896 275
148 A8S190N1R52 1960 79 1996 275
149 A8S190N1R59 1961 79 1995 275
150 A3S1590N1R57 1983 77 2032 275
151 A3S190N1R64 1983 77 2033 275
152 A8S190N1R58 2025 77 2076 275
153 A10S190N1R53 2039 79 2080 275
154 A10S190N1R58 2039 79 2080 275
155 A8S190N1R52 2049 79 2089 275
156 A8S190N1R62 2050 78 2093 275
157 A11S190N1R54 2241 78 2291 275
158 A10S1120N1R53 2552 77 2623 275
159 A10S1120N1R60 2554 77 2620 275
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exothermic process of the
HMA was generated due to
the high speed. Premature
aging due to high-temperature
cracking of the mixture was
observed, which reached
230°C at 10,000RPM. It was
concluded that the ideal tech-
nical conditions for the speed
of the mix, RPM, are
4500RPM, which ensures la-
minar flow and maintains the
mix temperature at 160°C. If
the percentage of the additive
S1 is between the values of
3% and 5%, this condition can
be altered upwards if the spe-
ed is maintained or lower.

Group IV

Classes 1, J, K, L, M, and N
are evaluated with parameters
G* and 6 with increasing MT
of 30, 60, 90, and 120min for
S1 of 2, 3, 5, 8, 10, and 11%.
The values of CT= 275°C,
4500 RPM, and mixing tem-
perature = 60°C were kept
fixed. For all percentages of
S1, G* increases until reaching
the maximum value of
2843.2Pa, and the phase angle
0 decreases to 76.9°, as a func-
tion of MT, at the maximum
aggregate concentration of
11%. (Figures 9, 10).

Calculation of differentials of
the parameters G* and o

Table VII shows the calcu-
lated differentials of the varia-
tion of the parameters G* and
d, noted by AG* and Ad, which
represent the excess values
obtained by the improvement
process AC-20 when incorpo-
rating the additive SI.
Calculating RF, it was possible
to know the PG with the fol-
lowing results:

- DSR at 70°C and RF >=
1Kpa, all groups passed (PG=
70).

- DSR at 76°C and RF >=
1Kpa passed groups L, M, and
N (PG= 76).

- DSR at 82°C and RF >=
1Kpa approved only group N
(PG= 82).

It is concluded that the MT
mixing time is a variable that
directly implies the increase of
the parameters AG* and AJ.
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TABLE 1V (Cont.)
CONTINUOUS IMPROVEMENT OF HMA

HMA OPTIMIZED PG WITH S1 ADDITIVE

#Muestra Code G*(Pa) A(°) RF (Pa) TC(°C)
160 A10S1120N1R53 2552 77 2620 275
161 A11S1120N1R54 2843 77 2922 275
162 A11S1120N1R55 2847 77 2927 275

Variance 179326 3 190700

Standard

Deviation 423 2 437

Deviation

Coefficient 0.31 0.02 0.32

*
(&)

3.00E+03

2.50E+03

2.00E+03

1.50E+03

1.00E+03
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Figure 5. Evaluation of the results of viscoelastic parameters of improved HMA mixtures; G*(Pa), 6 (°).
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For all cases, the parameters
AG* and Ad also depend on
the percentage of the additive
(S1) that enters the HMA. If
we seek to improve the binder
to a PG= 70, it is recommend-
ed to use S1= 3% and MT= 60
min. due to the positive results
of G*= 1570.7 Pa and 6= 79.3
(AG*= 67.28% and Ad= 9.14%),
which represent the first opti-
mized values that appear in the
mentioned table(Ezzat et al.,
2016).

Discussion

The results obtained from
successful HMA were based
on the following elements: The
purpose of the experimentation
carried out was to take advan-
tage of the nanometric proper-
ties of nano clay type Al, and
work was done to activate its
nanometric properties through
the 3 methods of preparation
of the additive, having categor-
ical results with calcination
under a window. The adsorp-
tion property of the nano clay
was maximized and placed in
contact with the hot AC-20
asphalt at 160°C, with very
favorable results, in the im-
provement of its rheological

TABLE V
EVALUATION OF HMA SAMPLES OF 14 CLASSES OF A-N; G*(PA), A(°)
(%) S1 A B C CT D E F
o G * o G * o G * o G * o G * o G *

2 81.9 1054.8 80.1 1467.9 78.0 1830.6 200 82.0 1176.3 81.2 1360.1 79.9 1557.7
3 81.2 1135.5 79.3 1870.7 77.7 1849.0 250 82.4 1192.9 80.8 1535.9 80.0 1646.6
5 82.0 1226.7 80.5 1595.7 79.2 1859.6 275 81.2 1135.5 79.3 1570.7 77.7 1849.0
8 81.1 1462.7 79.8 1820.1 79.1 1959.7 300 82.4 1174.3 81.3 1509.9 82.2 1520.0
10 81.8 12302 803 15913 786  2038.6 320 81.9  1090.0 80.8  1380.0  80.8  1450.0
11 81.2 1459.9 79.4 1863.6 77.9 2240.5 325 82.2 1179.4 81.0 1394.9 80.0 1574.3

RPM G H ™ I J J
2800 83.3 778.66 82.7 872.57 0 84.8 605.05 84.8 605.05 84.8 605.05
3500 82.1 1009.1 82.4 1092.1 30 81.9 1054.8 81.2 1135.5 82.0 1226.7
4000 82.3 1032.6 81.1 1223.6 60 80.1 1467.9 79.3 1570.7 80.5 1595.7
4500 82.2 1034.4 80.4 1369.1 90 78.0 1830.6 77.7 1849.0 79.2 1859.6

5000 81.9 1054.8 80.2 1430.0 L M N
5500 81.6 1085.0 80.2 1432.2 0 84.8 605.05 84.8 605.05 84.8 605.05
6000 814 11349  80.1 14679 30 81.1 14627 81.8 12302 812 14599
8000 77.8 1658.4 77.3 2415.0 60 79.8 1820.1 80.3 1591.3 79.4 1863.6
10000 70.7 2375.9 72.5 3754.9 90 79.1 1959.7 78.6 2038.6 77.9 2240.5
120 76.9 2551.7 76.9 2843.2
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(a) HMA-51%2-11 CT 275 °C-MT30-RPM4500 (b) HMA-S1%2-11 CT275 °C-MT60-RPM4500
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Figure 6. Evaluation of the results of viscoelastic parameters of improved HMA mixtures; G*(Pa), o (°).

(@) HIMA S13%-CT 200-325 °C~ MT30-RPM4500 (b) HMA S1 3%-CT 200-325 °C MT60-RPM4500

1200 826 1600 .
1180
1550
o 810
1160 1500
805
& 1140 818 w© & 1450
80.0
1120 La00
814
1100 1350 795
1080 810 1300 700
190 210 230 250 270 200 310 330 350 1% 210 230 250 2 29 310 2% 20
CT
——Gr —e—p —— e
() HMA S1 3%-CT 200-325°C MT90-RPM4500

83

82

81

80 o

79

78

cT

——G* —e—3

Figure 7. Evaluation of the results of viscoelastic parameters of improved HMA mixtures; G*(Pa), & (°).

(a) HMA S12%-CT 270-275 °C-MT30 RPM 2800-10000 (b) HMA S12%-CT 270-275 °C-TM60 RPM 2800-10000
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Figure 8. Variation of 6 and G* with a) RPM and MT increase of 30 min; b) RPM and MT increase of

60 min.

properties, under the variation
of operating parameters,
demonstrated in the groups.
HMA: I, II, III and IV mix-
tures. The theoretical basis is

the Langmuir isotherm, which
is the first choice for most
adsorption models and has
many applications in surface
kinetics (usually called
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Langmuir-Hinshelwood kinet-
ics) and thermodynamics.
(Sultana et al., 2017)

Table VI shows the results
of the measurement of the

viscoelastic parameters of sam-
ples prepared with percentages
of S1 additives in the propor-
tions of 9, 10, and 11% by
weight and with a mixing time
of 120 minutes, maintaining
the speed and constant HMA
temperature at 4500rpm and
160°C. The DSR was main-
tained at temperatures of 76
and 82°C, and the Rutting fac-
tor in all cases exceeded 1kPa.

Table VII is obtained from
Table V, which details the val-
ues of AG* and Ad that repre-
sent the differential of the val-
ue of G* obtained between its
values in MT(i), i= 30 or 90 or
120 min. The magnitudes
found represent the number of
points that the variable G* in-
creased when it experienced an
increase in the mixing time
MT(3).

Calculation of the most effi-
cient AG* value, due to the
lower use of additive S1 (3%):

a) For MT (30), it correspon-
ded to J with a value of
530.45Pa.

b) For MT (60), it correspon-
ded to class J with a value of
965.65Pa.

¢) For MT (90), it correspon-
ded to class J with a value of
1244Pa.

The highest values of AG*
selected from all HMA were:

d) For MT (30), it correspon-
ded to class N with a value of
854.85Pa.

e) For MT (60), it correspon-
ded to class N with a value of
1258.55Pa.

f) For MT (90), it correspon-
ded to class N with a value of
1635.45Pa.

g) For MT (120), it correspon-
ded to class N with a value of
2238.15Pa.

Consequently, it was shown
that the HMA sample from
class J with SI= 3% had better
performance with a low per-
centage of additive; for MT
values of 30, 60, and 90 min-
utes, G* increased by 187.6%,
259.5%, and 305.5%, respec-
tively; on the other hand, the
HMA sample from class N
with S1= 11% had the highest
yield with a high percentage of
additive for the MT of 30, 60,
90, and 120 minutes; the G*

245



Figure 9. Variation of § and G* with a) increase of MT 30-90 min and with S1= 2%; B) increase of MT 30-
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TABLE VI
MEASUREMENT OF PG 76 AND 82
Test °C (DSR) 3(°) G*(Pa) G*/send(Pa) PG
76 78.7 1614.0 1645.9 76
76 77.5 1691.4 1732.5 76
76 76.8 1731.4 1778.4 76
82 72.7 1008.5 1056.3 82
82 72.1 1045.4 1098.6 82
82 71.6 1105.7 1165.3 82

5(°): Phase Angle; G*(Pa): Complex Module; PG: Performance Grade.
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variable increased by 241%,
308%, 370%, and 470%, re-
spectively. In all cases, the
phase angle 6 decreased at a
rate of approximately 2.5° per
MT= 30 minutes of mixing.
Consequently, the results
showed that the HMA sample
from group J is the final opti-
mized mix, prepared with SI=
3%, RPM = 4500, CT= 275 °C,
MT= 30, 60, 90 min, and a
mixing temperature of 160°C.
(Ezzat et al., 2016).

The mixing time of 120
minutes may not be applicable
in the industry due to high
costs. Although the viscoelastic
properties improve, but not
substantially, to those achieved
at 60 or 90 minutes, the mix-
ing speeds should not be ex-
ceeded to those indicated to
prevent premature aging of the
asphalt due to oxidation and
thermal cracking.

Conclusions

1. Ecuador has nanoclay de-
posits arranged in 6 levels,
Al1-A6, in an area of 4000
km?. The results of the nano-
metric evaluation of clay Al
gave the following results: a) a
specific surface area of 280m?/
gr; b) particle size between 50
and 250 nanometers; and c)
high adsorption values shown
in the respective tests, when
calcined at 270 -275°C.

2. The nanoclays were treat-
ed with chemical and physical
methods, using a) NaOH, b)
NH;, H,0O, (molar ratio 5), and
¢) controlled calcination to ob-
tain the additive for the HMA,
and 532 samples were pre-
pared. Only the third method
gave results that were represen-
tative and higher than the PRL
reference level (PG= 70) in
84.8% and 3.2% in values
higher than PG 76 and 82.

3. The type of nanoclay of
choice was type Al, when it
was calcined in the tempera-
ture window between 270-
275°C, and the activation of its
high adsorption capacity was
achieved, which is why it be-
came the additive SI. of
choice. The essential modifica-
tion of AC-20 asphalt with S1
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TABLE VII
POSITIVE VARIATION OF THE PARAMETERS G* AND A BY CALCULATING AG*,
AA, AND PG
1 J K
AG*(Pa) AS(°) AG*(Pa) AS(°) AG*(Pa) AS(°)
302.6% -8.02% 305.5% -8.37% 307.3% -6.6%
G*/send PG=70 PG=70 PG=70
L M N
323.9% -6.72% 421.7% -9.32% 469.9% -9.32%
G*/send PG=70,76 PG=70,76 PG=70,76,82
is to come into contact imme- Influence of Calcination Ezzat H, El-Badawy S, Alaa G, El

diately after calcination, to in-
crease the use of this indicated
property.

4. The integration of Sl in
the AC-20 bitumen was opti-
mized, testing different param-
eters and mixing times, CT,
MT, RPM and %S. The best
results were with CT= 275°C,
MT= 90 min, RPM= 4500 and
%S= 3% S1 additive, achieving
305.5% increase in G*, while
the phase angle 6 decreased by
-8.37%. HMA's performance
rating improved from PG= 64
(original) to 70, 76 and 82;
Additionally, there are promis-
ing results with mixing times
of 30, 60 and 120 minutes.
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